Abstract. The aim of the present study was to investigate the protective effect exerted by bone marrow mesenchymal stem cells (BMSCs) in combination with plumbagin on spinal cord injury (SCI) and explore the mechanism behind this protective effect. Firstly, BMSCs were extracted from male Sprague-Dawley rats, cultured in vitro, and identified by hematoxylin. Sprague-Dawley rats were then randomly divided into a control group, SCI model group, BMSC-treated group, a plumbagin-treated group, and a BMSC and plumbagin-treated group. After treatment with BMSCs combined with plumbagin, a Basso, Beattie and Bresnahan (BBB) test was carried out and the spinal cord water content was examined in order to analyze the effect of BMSCs combined with plumbagin on SCI. The myeloperoxidase (MPO), superoxide dismutase (SOD), malondialdehyde (MDA), nuclear factor-κB (NF-κB) p65 unit, tumor necrosis factor-α (TNF-α) levels were also detected. Moreover, nuclear factor erythroid 2-related factor 2 (Nrf2), phosphoinositide 3-kinase (PI3K), phosphorylated (p-)Akt, p-p38 mitogen-activated protein kinase (MAPK), and p-extracellular-signal-regulated kinase (ERK) protein expression levels were measured using western blot analysis. Treatment with BMSCs combined with plumbagin significantly improved locomotor recovery and reduced the spinal cord water content after SCI. The increased MPO, MDA, NF-κB p65 and TNF-α levels were significantly suppressed and the decreased SOD was significantly increased in SCI rats. The suppression of Nrf2, p-Akt and p-ERK, as well as the promotion of p-p38 MAPK, were reversed by treatment with BMSCs combined with plumbagin. These effects suggest that treatment with BMSCs combined with plumbagin alleviates SCI through its effects on oxidative stress, inflammation, apoptotis and activation of the Nrf2 pathway.
Introduction
For patients who have suffered spinal cord injury (SCI), the disintegration and necrosis of a large number of neuronal cells in tissues is one of the major causes of reduced limb movement and sensory dysfunctions in the area below the injury (1) . Thus, promoting the regeneration of nerve cells and recovering the structure and function of the spinal cord are important and difficult issues with which neuroscientists are concerned (2) .
Bone marrow mesenchymal stem cells (BMSCs) are non-hematopoietic stem cells in the bone marrow which are derived from the mesoderm; they can self-proliferate and are capable of multi-directional differentiation (3) . A BMSC is a type of adult pluripotent stem cell, isolated and cultured from the bone marrow, which can be found in different species such as chickens, rats, rabbits, dogs and other animals as well as humans (4) . Its potential in multi-directional differentiation has received much attention in studies on Alzheimer's disease, strokes, myocardial infarction, peripheral nerve injury, bone defects and nonunion (5) . It has preciously been reported that BMSCs have the ability to differentiate into neuroectodermal cells. In a previous study, the BMSCs were injected into the hippocampus of mice and the differentiation into astrocytes was observed; under specific induction conditions, they can also be induced to differentiate into neural cells which are capable of expressing neuron-specific marker proteins (6) .
Plumbagin is from the Plumbaginaceae family, genus Plumbago, which is mainly distributed in the southwestern provinces of China, and is usually used for treating sores, swelling, clearing the meridians, and treating snakebites, rheumatism, mastitis and chronic bronchitis (7) . Previous pharmacological studies have demonstrated that plumbagin is one of the most important active antitumor components of Plumbago, which exerts anti-bacterial, anti-inflammatory, anti-cancerous and other beneficial effects (8, 9) . In the present study, we aimed to explore the protective effect of a treatment which combined Treatment with bone marrow mesenchymal stem cells combined with plumbagin alleviates spinal cord injury by affecting oxidative stress, inflammation, apoptotis and the activation of the Nrf2 pathway
BMSCs with plumbagin on SCI and also explore the potential mechanism of the protective effects.
Materials and methods
Reagents. α-modified Eagle's medium (MEM) and Dulbecco's modified Eagle's medium (DMEM) were provided by Thermo Scientific (Waltham, MA, USA). Fetal bovine serum (FBS) was provided by Gibco (Grand Island, NY, USA). Plumbagin was purchased from Sigma-Aldrich (Hamburg, Germany). Myeloperoxidase (MPO), superoxide dismutase (SOD), malondialdehyde (MDA), nuclear factor-κB (NF-κB) p65, tumor necrosis factor-α (TNF-α) kits and hematoxylin were all purchased from Invitrogen (Carlsbad, CA, USA).
Animals. Male Sprague-Dawley rats (SD rats) weighing 220±30 g were used for the present study. The SD rats were maintained in animal quarters with humidity ranging from 60-70%, a temperature of 23±1˚C and a 12-h light/dark cycle. Food and water were made available ad libitum. All experiments were carried out in accordance with the criteria outlined in the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and were approved by the Ethics Committee of Zhengzhou University (Zhengzhou, China).
Cell culture and identification of BMSCs. The SD rats were sedated using chloral hydrate, and their bilateral femurs and tibias were removed under sterile conditions and separated. Subsequently, bone marrow tissues of the bilateral femur and tibia were separated, and cell samples were collected from these bone marrow tissues and seeded into a 25-cm 2 plastic bottle to separate and obtain BMSCs using the adherence method. BMSCs were cultivated in 5 ml α-MEM (Thermo Scientific) and 10% FBS and cultivated in the plastic bottle for incubation. After cultivation for 24-48 h, the non-adherent cells were removed. When adherent cells reached 70-80% confluence, adherent cells were then incubated with 0.25% trypsin to remove them.
After paraformaldehyde (5%) was precooled, it was used to fix BMSCs for 10-15 min. The fixed BMSCs were cultured with hematoxylin (Invitrogen) for 3-10 min. Stained BMSCs were then washed with tap water and distilled water for 5-10 min. Stained BMSCs were dehydrated with 95% ethyl alcohol for 1-2 min, and xylene was used to clear the stained cells for 5-10 min. BMSCs were observed using a microscope (CFI60; Nikon, Tokyo, Japan).
Induction of SCI.
A rat model of SCI was induced as described previously (10) . Briefly, SD rats were intraperitoneally injected with 80 mg/kg ketamine and 10 mg/kg xylazine and then underwent a laminectomy during which the T8 and T9 vertebral peduncles were removed. After treatment was completed, the SD rats were sacrificed using a lethal injection of pentobarbital, and the spinal tissue was removed while on dry ice. The tissue from the injury site of the spinal cord segments (between T8 and T9) was microdissected and frozen on dry ice. The spinal tissue samples were homogenized with Tris-HCl buffer (50 mM, pH 7.4) on ice for future use.
Treatment schedule. Firstly, 10 normal SD rats were defined as the control group and injected with normal saline. Subsequently, 40 rats for the SCI model were randomly divided into 4 groups as follows: SCI model group (SCI, n=10), BMSC-treated group (BMSCs, n=10), plumbagin-treated group (plumbagin, n=10) and the BMSC and plumbagin-treated group (BP, n=10). In the SCI model group, rats were injected with saline and SCI was induced. In the BMSC-treated group, rats with SCI were treated with BMSCs (3x10 5 cells) by intraspinal injection using a Hamilton syringe, as previously described (11) for 5 consecutive days. In the plumbagin group, rats with SCI were treated with 20 mg/kg plumbagin, as previously described, (12) for 5 consecutive days. In the group treated with BMSCs and plumbagin, rats with SCI were treated with BMSCs (3x10 5 cells) by intraspinal injection using a Hamilton syringe and also 20 mg/kg plumbagin for 5 consecutive days.
Locomotor recovery after SCI. Locomotor recovery was assessed as previously described (13) . Locomotor behavior was evaluated beginning 1 day before injury and ending 5 days after. Scoring categories and attributes were identified, operationally defined and ranked on the observed sequence of locomotor recovery patterns using the Basso, Beattie and Bresnahan (BBB) locomotor rating scale. In the BBB scale, 0 is defined as 'no observable movement of the hindlimbs', 21 is defined as 'consistent plantar stepping and coordinated gait, consistent movement of the toes; paw position is predominantly parallel to the body during the whole support stage; consistent trunk stability; consistent tail elevation'. The BBB rating was carried out 1 day before SCI was induced (0 day), 1 day after SCI was induced (1 day), and again 5 days later (5 day).
Measurement of spinal cord water content after SCI.
After treatment with BP for 5 consecutive days, spinal cord water content was measured as previously described (14) . Briefly, thye SD rats were sacrificed using a lethal injection of pentobarbital and the spinal tissue was removed while on dry ice, and dried at 80˚C for 24-48 h before the dry weight was measured. Spinal cord water content was calculated as follows: water content = [(wet weight -dry weight)/wet weight] x100.
MPO activity. After treatment with BP for 5 consecutive days, and after the rats were sacrificed and the spinal cord tissue removed, the injured spinal cord segment was mechanically homogenized in ice-cold tris-buffered saline containing 40 mM Tris-HCl (pH 7.5), 2% SDS, 2 mg/ml aprotinin, 2 mg/ml antipain, 2 mg/ml chymostatin, 2 mg/ml bestatin, 2 mg/ml pepstatin-A, 2 mg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol and 1 mM EDTA. The homogenates were centrifuged at 12,000 x g for 10 min. Liquid supernatant was defined as the quantity of enzyme degrading and was expressed in U/g of wet tissue following the manufacturer's protocol (Invitrogen).
Oxidative stress and inflammation. After treatment with BP for 5 consecutive days, and after the rats were sacrificed and the spinal cord tissue removed, the spinal tissue samples were centrifuged at 12,000 x g for 10 min. Liquid supernatant was used to assess SOD, MDA, NF-κB p65 and TNF-α activity following the manufacturer's instructions (Beyotime, Nanjing, China).
Western blot analysis. After treatment with BP for 5 consecutive days, and after the rats were sacrificed and the spinal cord tissue removed, the spinal tissue homogenates were centrifuged at 12,000 x g for 10 min. Liquid supernatant was subsequently used to measure the protein concentration with the Coomassie (G250) binding method. Fifty micrograms of sample proteins were loaded onto 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to 0.22-mm nitrocellulose membranes (Bio-Rad, Munich, Germany). The membranes were blocked with 5% non-fat milk in Tris-buffered saline (pH 7.4) containing 0.1% Tween-20 (TBST) for 2-3 h at room temperature. The membranes were subsequently incubated with primary antibodies overnight at 4˚C: antinuclear factor erythroid 2-related factor 2 (Nrf2; sc-365949), anti-phosphorylated (p-)Akt (sc-293125), anti-Akt (sc-135829), p-p38 mitogen-activated protein kinase (MAPK; sc-7973), anti-p-extracellular-signal-regulated kinase (ERK; sc-365234) and anti-ERK (sc-514302) antibodies (all from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The membranes were washed with TBST and incubated at 4˚C with secondary antibody for 2-3 h, horseradish peroxidase-linked anti-rabbit IgG (Santa Cruz Biotechnology, Inc.).
Statistical analysis. The data were calculated using SPSS 17.0 software, are expressed as the means ± SD, and were analyzed using one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test. A p-value <0.05 was considered to indicate a statistically significant difference. Fig. 1 , the cell morphology of BMSCs was observed: dark blue color, spindle shape, and serial sub-cultivation, and homogeneity and multiplicity were all observed. These features indicated that BMSCs were successfully separated and cultivated.
Results

BMSC culture and detection. As shown in
Treatment with BP improves locomotor recovery after SCI.
In order to test the hypothesis that treatment with BP improves locomotor recovery after SCI, BBB scores were calculated. The results show that SCI caused a significant decrease in BBB scores when compared to the control group, and these were improved by BP treatment (Fig. 2) . Five days after SCI induction, only the administration of BMSCs augmented BBB scores in a non-statistically significant manner. At day 5, the administration of plumbagin only significantly increased the BBB scores when compared to the SCI group. The administration of BMSCs and plumbagin (the BP group) increased the BBB scores even more significantly (compared to the SCI group) than the group treated only with plumbagin (Fig. 2) .
Treatment with BP reduces spinal cord water content after SCI. We then determined whether treatment with BP reduces spinal cord water content after SCI. Spinal cord water content was significantly elevated in the SCI group when compared to the control group (Fig. 3) . The administration of BMSCs alone suppressed the spinal cord water content in a non-statistically significant manner. Compared to the rats in the SCI group, treatment with plumbagin significantly lowered the spinal cord water content. However, in the rats in the BP group, this decrease was even more significant (compared to the SCI group) than that observed in the plumbagin-treated only group after SCI induction (Fig. 3) .
Treatment with BP affects MPO activity after SCI. To clarify the effects of BP treatment on MPO activity after SCI, MPO activity was measured. Compared with the control group, MPO activity was increased after SCI (Fig. 4) . BMSC treatment inhibited MPO activity in a non-statistically significant manner. The increased MPO activity was markedly decreased by treatment with plumbagin when compared to the rats with SCI. In addition, MPO activity in the BP-treated group was even lower than that in the plumbagin-treated group (Fig. 4) .
Treatment with BP affects oxidative stress after SCI. In order to explore the effect of treatment with BP on oxidative stress after Figure 1 . Bone marrow mesenchymal stem cell (BMSC) culture and detection. BMSCs were detected and observed using hematoxylin staining and microscopic analysis, and cells were successfully separated and cultivated. Magnification, x200. Figure 2 . Treatment with bone marrow mesenchymal stem cells (BMSCs) and plumbagin improves locomotor recovery after spinal cord injury (SCI). In the BP group, rats with SCI were treated with BMSCs (3x10 5 cells) administered by intraspinal injection using a Hamilton syringe and 20 mg/kg plumbagin for 5 consecutive days. The data are expressed as the means ± SD and were analyzed using one-way ANOVA followed by Tukey's multiple comparison test. ** p<0.01 compared with the control group; # p<0.05 compared with the SCI group; ## p<0.01 compared with the SCI group. Control, control group; SCI, SCI group; BMSCs, BMSC-treated group; plumbagin, plumbagin-treated group; BP, BMSC + plumbagin-treated group.
SCI, SOD and MDA activity was analyzed. SCI suppressed SOD activity and increased MDA activity compared with the control group (Fig. 5) . Treatment with BMSCs slightly increased SOD activity and reduced the promotion of MDA activity (neither was statistically significant). The administration of plumbagin effectively reversed the respective decrease in SOD activity and increase in MDA content when compared to the SCI groups. Thus, treatment with BP effectively enhanced the curative effects (Fig. 5) .
Treatment with BP affects inflammation after SCI. To further explore the effect of treatment with BP on inflammation, NF-κB p65 and TNF-α activity was examined. We demonstrated that the activity of NF-κB p65 and TNF-α in SCI rats was markedly increased when compared to the control groups (Fig. 6) . The levels of inflammatory factors in the BMSC-treated groups were very similar to those of the SCI groups. However, the upregulation of NF-κB p65 and TNF-α was markedly reduced by administration of plumbagin when compared to the SCI group. Moreover, compared to plumbagin treatment, BP treatment decreased the activities of NF-κB p65 and TNF-α even more considerably when compared to the SCI group (Fig. 6) .
Treatment with BP affects the Nrf2 pathway after SCI.
To further investigate the possible mechanism of treatment with BP, Nrf2 protein expression was appraised using western blot analysis. We noted a significant upregulation of Nrf2 pathway protein expression (Fig. 7) . There was no significant difference between the SCI group and the BMSC-treated group. We also observed that Nrf2 protein expression was significantly increased by treatment with plumbagin only when compared to the SCI group. Moreover, treatment with BP increased Nrf2 protein expression even more significantly when compared to the SCI group (Fig. 7) .
Treatment with BP affects the phosphoinositide 3-kinase (PI3K)/Akt pathways after SCI. To further research the possible mechanism of treatment with BP, p-Akt and Akt protein expression were evaluated using western blot analysis. The results of the western blot analysis showed that p-Akt/Akt expression in the SCI group was significantly inhibited when compared to the control group (Fig. 8) . Administration of plumbagin did not significantly affect p-Akt/Akt expression. In addition, treatment with BMSCs significantly increased p-Akt/Akt expression when compared to the SCI group. However, there was no Figure 3 . Treatment with bone marrow mesenchymal stem cells (BMSCs) and plumbagin reduces spinal cord water content after spinal cord injury (SCI). In the BP group, rats with SCI were treated with BMSCs (3x10 5 cells) administered by intraspinal injection using a Hamilton syringe and 20 mg/kg plumbagin for 5 consecutive days. The data are expressed as the means ± SD and were analyzed using one-way ANOVA followed by Tukey's multiple comparison test. ** p<0.01 compared with the control group; # p<0.05 compared with the SCI group; ## p<0.01 compared with the SCI group. Control, control group; SCI, SCI group; BMSCs, BMSC-treated group; plumbagin, plumbagin-treated group; BP, BMSC + plumbagin-treated group. and plumbagin affects MPO activity after spinal cord injury (SCI). In the BP group, rats with SCI were treated with BMSCs (3x10 5 cells) administered by intraspinal injection using a Hamilton syringe and 20 mg/kg plumbagin for 5 consecutive days. The data are expressed as the means ± SD and were analyzed using one-way ANOVA followed by Tukey's multiple comparison test. ** p<0.01 compared with the control group; # p<0.05 compared with the SCI group; ## p<0.01 compared with the SCI group. Control, control group; SCI, SCI group; BMSCs, BMSC-treated group; plumbagin, plumbagin-treated group; BP, BMSC + plumbagin-treated group. Figure 5 . Treatment with bone marrow mesenchymal stem cells (BMSCs) and plumbagin affects oxidative stress after spinal cord injury (SCI). Treatment with BP affected (A) superoxide dismutase (SOD) and (B) malondialdehyde (MDA) after SCI. In the BP group, rats with SCI were treated with BMSCs (3x10 5 cells) administered by intraspinal injection using a Hamilton syringe and 20 mg/kg plumbagin for 5 consecutive days. The data are expressed as the means ± SD and were analyzed using one-way ANOVA followed by Tukey's multiple comparison test. ** p<0.01 compared with the control group; # p<0.05 compared with the SCI group; ## p<0.01 compared with the SCI group. Control, control group; SCI, SCI group; BMSCs, BMSC-treated group; plumbagin, plumbagin-treated group; BP, BMSC + plumbagin-treated group.
significant difference between the expression of p-Akt/Akt in the BP-treated group and the BMSC-treated group (Fig. 8) .
Treatment with BP affects the expression of p-p38 MAPK after SCI.
To further examine the possible mechanism of treatment with BP on SCI, p-p38 MAPK protein expression was evaluated using western blot analysis. We found that in the SCI group p-p38 MAPK protein expression was significantly increased when compared to the control group (Fig. 9) . BMSCs inhibited the expression in a non-statistically significant manner. Plumbagin significantly inhibited the protein expression of p-p38 MAPK when compared to the SCI group. Moreover, treatment with BP significantly inhibited the protein expression of p-p38 MAPK compared with the SCI group (Fig. 9) .
Treatment with BP affects the ERK pathways after SCI.
To further survey the possible effect of treatment with BP on SCI, p-ERK and ERK protein expression were estimated using western blot analysis. In the SCI group, p-ERK/ERK expression was significantly inhibited when compared to the control group (Fig. 10) . We found no significant inter-group difference between the SCI group and the BMSC-treated group. The results Figure 6 . Treatment with bone marrow mesenchymal stem cells (BMSCs) and plumbagin affect inflammation after spinal cord injury (SCI). Treatment with BP affected activities of (A) nuclear factor-κB (NF-κB) p65 unit and (B) tumor necrosis factor-α (TNF-α) after SCI. In the BP group, rats with SCI were treated with BMSCs (3x10 5 cells) administered by intraspinal injection using a Hamilton syringe and 20 mg/kg plumbagin for 5 consecutive days. The data are expressed as the means ± SD and were analyzed using one-way ANOVA followed by Tukey's multiple comparison test. ** p<0.01 compared with the control group; # p<0.05 compared with the SCI group; ## p<0.01 compared with the SCI group. Control, control group; SCI, SCI group; BMSCs, BMSC-treated group; plumbagin, plumbagin-treated group; BP, BMSC + plumbagin-treated group. In the BP group, rats with SCI were treated with BMSCs (3x10 5 cells) administered by intraspinal injection using a Hamilton syringe and 20 mg/kg plumbagin for 5 consecutive days. The data are expressed as the means ± SD and were analyzed using one-way ANOVA followed by Tukey's multiple comparison test. ** p<0.01 compared with the control group; # p<0.05 compared with the SCI group. Control, control group; SCI, SCI group; BMSCs, BMSC-treated group; plumbagin, plumbagin-treated group; BP, BMSC + plumbagin-treated group.
revealed that plumbagin treatment significantly increased the p-ERK/ERK rate when compared to the SCI group. The p-ERK/ERK rate of expression in rats treated with BP was considerably higher than in the SCI-treated group (Fig. 10) .
Discussion
With the increasing economic development of society, the incidence of SCI increases year by year, and it seriously affects the quality of life of patients, and has serious adverse effects on the patient's family and the community (15) . The disintegration and necrosis of a large number of neuronal cells in tissues of patients after SCI is one of the major causes of the reduction in limb movement and other sensory dysfunctions in the area below the injury (16) . At present, there is no effective method for paraplegics with SCI to gain restored function (17) . Thus, promoting the regeneration of nerve cells and recovering the structure and the function of spinal cord are important and difficult issues which face neuroscientists (18) . In the present study, treatment with BP was noted to improve locomotor recovery and reduce spinal cord water content and MPO activity in rats with SCI. Mansilla et al have previously reported that human mesenchymal stem cells alleviated spinal cord injuries (19) . Wang et al have demonstrated that transplanted BMSCs reduce MPO activity in rats with pancreatitis-associated lung injury (20) . Zhang et al showed that plumbagin protects against oxidative stress and inflammation in rats with SCI (12) . Thus, we suggest that treatment with BP is a promising strategy for treating SCI.
The SCI mechanism has not yet been fully elucidated, but the present study indicates that oxidative stress plays an important role in it. Currently, it is thought that many oxygen free radicals (OFRs) are generated in SCI pathogenesis, which have a trigger-like effect on damage to the body, and calcium overload is a final common result of cellular damage (21) . SOD is an enzyme that catalyzes the disproportionation of superoxide anion, and is a major antioxidative enzyme and free-radical scavenger in cells; it protects cells against oxygen free radicals, and the level of SOD indicates the level of protective effectiveness of cells from toxic damage caused by free radicals (22) . MDA is the end product of lipid peroxidation, and MDA levels directly reflect the level of free radicals, of which the content is an important indicator of tissue damage (23) . The determination of SOD activity and MDA content indirectly reflect the ability of the body's antioxidant system.
Inflammation plays an important role in the pathogenesis of SCI, and the inflammatory response of local damaged tissue increases the degree of secondary SCI (24) . The secondary inflammatory environment caused by local damage leads to cellular necrosis and apoptosis at the SCI site, and irreversible pathological changes occur, thereby increasing SCI (25) . Previous research has reported that neutrophils aggregate to the site of injury to release elastase and other substances, Figure 9 . Treatment with bone marrow mesenchymal stem cells (BMSCs) and plumbagin affects expression of p-p38 mitogen-activated protein kinase (MAPK) after spinal cord injury (SCI). Treatment with BP affected p-p38 MAPK protein expression, as measured using (A) western blot analysis and (B) statistical analysis of the p-p38 MAPK protein expression after SCI. In the BP group, rats with SCI were treated with BMSCs (3x10 5 cells) administered by intraspinal injection using a Hamilton syringe and 20 mg/kg plumbagin for 5 consecutive days. The data are expressed as the means ± SD and were analyzed using one-way ANOVA followed by Tukey's multiple comparison test. ** p<0.01 compared with the control group; # p<0.05 compared with the SCI group; ## p<0.01 compared with the SCI group. Control, control group; SCI, SCI group; BMSCs, BMSC-treated group; plumbagin, plumbagin-treated group; BP, BMSC + plumbagin-treated group. Figure 10 . Treatment with bone marrow mesenchymal stem cells (BMSCs) and plumbagin affects extracellular-signal-regulated kinase (ERK) pathways after spinal cord injury (SCI). Treatment with BP affected p-ERK protein expression, as measured using (A) western blot analysis and (B) statistical analysis of the p-ERK protein expression after SCI. In the BP group, rats with SCI were treated with BMSCs (3x10 5 cells) administered by intraspinal injection using a Hamilton syringe and 20 mg/kg plumbagin for 5 consecutive days. The data are expressed as the means ± SD and were analyzed using one-way ANOVA followed by Tukey's multiple comparison test. ** p<0.01 compared with the control group; # p<0.05 compared with the SCI group; ## p<0.01 compared with the SCI group. Control, control group; SCI, SCI group; BMSCs, BMSC-treated group; plumbagin (Plu), plumbagin-treated group; BP, BMSC + plumbagin-treated group.
increasing tissue edema, necrosis and promoting neuronal and oligodendrocyte apoptosis, thus resulting in the emergence of localized glial scars (26) . The results from our study showed that treatment with BP suppressed oxidative stress and inflammation following SCI. Tu et al suggested that bone marrow-derived mesenchymal stem cells attenuate oxidative stress and systemic inflammation in rats with severe acute pancreatitis (27) . Checker et al demonstrated that plumbagin abrogates lipopolysaccharide-induced oxidative stress, inflammatory oxidative stress, inflammation and endotoxic shock (28) . In the context of these results, we found in the present study that the anti-oxidative and anti-inflammatory effects of BP exert a certain protective effect against damage caused by SCI.
In the body, the Nrf2/ARE signaling pathway acts as an important endogenous anti-oxidative stress pathway, which encodes and modulates the expression of various antioxidant genes, enhances cellular resistance to oxidative stress, and thereby reduces the damage to the body caused by oxidative stress (29) . When the spinal cord suffers from oxidative stress injury, the intracellular antioxidant defense system is essential for reducing the neuronal damage caused, and the Nrf2/ARE signaling pathway has been noted as the most important endogenous anti-oxidative stress pathway. Thus far, it has been noted that more than 200 endogenous genes can be encoded, and are regulated by the Nrf2/ARE signaling pathway. As the major regulatory protein of the Nrf2/ARE signaling pathway, antioxidant enzymes do not only catalyze free radicals into non-toxic substances, but also strengthen their water solubility to exclude them, which is an important factor in maintaining the redox balance of the body (30) . In the present study, we found that BP therapy increased the suppressed Nrf2 expression in rats with SCI. Son et al have demonstrated the neuroprotective effects of plumbagin, and also demonstrated that it protects against cerebral ischemia through activation of Nrf2/ARE (31). Cho et al demonstrated that mesenchymal stem cells promote the CCl4-inhibited Nrf2 expression in rats with liver injury (32) . In addition, we suggest that the protective effect of BP on SCI damage is involved in the activation of the Nrf2 signaling pathway.
Akt is an important factor in biological signaling pathways, and constitutes an important part of the PI3K/Akt signaling pathway, which inhibits apoptosis, promotes cell survival and plays an important role in the angiogenesis process (33) . The PI3K/Akt pathway is involved in the growth and differentiation of neurons, inhibiting neuronal apoptosis and promoting axonal growth and mediating synaptic plasticity and many other cellular processes, and it plays an important role in nerve physiological and pathological processes (34) . It has been previously demonstrated that after optic nerve and hypoglossal nerve injury in rodents, increased Akt expression causes anti-neuronal apoptosis. After traumatic brain injury and ischemic brain injury in rats, Akt activity in neurons was significantly increased, and neuronal apoptosis was suppressed (35) . In the present study, we discovered that administration of BP significantly increased the level of p-Akt/Akt compared to the SCI group. Chen et al have reported that BMSCs upregulated p-ERK and p-Akt through multiple pathways (36) . Checker et al showed that plumbagin inhibits inflammatory responses but does not affect the phosphorylation of Akt (37) . Moreover, we suggest that the protective effect which BP exerts against SCI damage involves the p-Akt signaling pathway.
MAPK is a type of serine/threonine protein kinase in the cell, which exists in the majority of mammals in the cytoplasm and nuclei, and can be stimulated for extracellular signaling to the cells and their nuclei, and thus lead to cell biological reactions, the regulation of cell proliferation, as well as differentiation, development and apoptosis (38) . It is known that p-p38 MAPK is involved in nerve cell apoptosis and in the process of signal transduction. It has also been noted that p-p38 MAPK is involved in the acute inflammation caused by the SCI-induced apoptosis of neurons and glial cells (39) . In the present study, treatment with BP significantly inhibited the protein expression of p-p38 MAPK in rats with SCI. Wang et al have suggested that the anti-inflammatory effect of plumbagin mediates the inhibitory effect of MAPK signaling on inflammation (40). Wang et al have reported that BMSCs promote cell proliferation, but do not influence p38 MAPK in rats (41) . The reason for these various conclusions is likely the dosage or disinfecting times of BMSCs, and discussion in future studies is thus necessary.
Previous research has demonstrated that ERK1/2 exists in the central nervous system, and it participates in a variety of physiological and pathological processes (42) . Research has shown that SCI, excitotoxicity and transection injury leads to elevated levels of p-ERK1/2, and in cases of contusion and excitotoxicity, ERK1/2 phosphorylation is increased significantly in the areas adjacent to the damage (43) . In the present study, treatment with BP significantly increased p-ERK1/2 in SCI rats. Zhang et al demonstrated that BMSCs promoted osteoblast differentiation through upregulation of the ERK1/2 signaling pathway (44). Yang et al suggested that plumbagin activates ERK1/2 in 3T3-L1 cells (45) . Thus, we suggest that the activation of ERK1/2 increases the protective effect which BP exerts againsts SCI damage.
In conclusion, in the present study, we identified that treatment with BP alleviates SCI through its effects on oxidative stress, inflammation, anti-apoptotis, the activation of Nrf2, suppression of PI3K/Akt and p-p38 MAPK, and the upregulation of p-ERK1/2.
